Sindbis virus (SINV) is an arthropod-borne alphavirus, which causes rash-arthritis, particularly in Finland. SINV is transmitted by mosquitoes in Finland but thus far no virus has been isolated from mosquitoes. In this study, we report the isolation of the first SINV strain from mosquitoes in Finland and its full-length protein-coding sequence. We furthermore describe the full-length coding sequence of six SINV strains previously isolated from humans in Finland and from a mosquito in Russia. The strain isolated from mosquitoes (Ilomantsi-2005M) was very closely related to all the other Northern European SINV strains. We found 9 aa positions, of which five in the nsP3 protein C terminus, to be distinctive signatures for the Northern European strains that may be associated with vector or host species adaptation. Phylogenetic analyses further indicate that SINV has a local circulation in endemic regions in Northern Europe and no novel strains are frequently being introduced.
Sindbis virus (SINV) is an arthropod-borne, enveloped ssRNA virus in the genus Alphavirus of the family Togaviridae (Powers et al., 2012) . The SINV genome is 11.7 kb in size and encodes four non-structural proteins (nsP1-4) and structural proteins (C, E3, E2, 6K and E1) (Strauss et al., 1984; Strauss & Strauss, 1994) . SINV is found across Eurasia, Africa and Oceania (Hubálek, 2008) and as suggested by a recent study on partial E2 sequences (Lundström & Pfeffer, 2010) , the virus forms five genotypes with distinct geographical distributions reflecting major bird migration patterns. Clinical SINV infections in humans have been reported primarily from Northern Europe, particularly Finland, where the infection is called Pogosta disease (Kurkela et al., 2004) . The infection is known as Ockelbo disease in Sweden (Skogh & Espmark, 1982) and as Karelian fever in Russia (L'vov et al., 1985) .
Acute SINV infection is characterized by febrile rasharthritis (Kurkela et al., 2005; Sane et al., 2011; Turunen et al., 1998) . SINV infection may also cause persisting joint manifestations (Kurkela et al., 2008a; Laine et al., 2000; Niklasson & Espmark, 1986) . Other important pathogenic alphaviruses causing rash-arthritis include Chikungunya and Ross River viruses (Powers et al., 2001) . SINV epidemics have emerged approximately every 7 years in Finland with thousands of serologically confirmed cases (Sane et al., 2010) . Recent evidence indicates that certain climatic conditions and the density of hatch-year black grouse are significant determinants of the occurrence of human SINV infections in Finland (unpublished data).
Mosquitoes have been implicated as the main source of SINV transmission in Finland (Sane et al., 2011) , where, however, no virus has previously been isolated from mosquitoes. The late summer mosquito genera, Culex and Culiseta, have been suspected to be potential vectors from which the virus has been isolated in Sweden in the 1980s (Francy et al., 1989; Niklasson et al., 1984) . In the present study, we report the isolation of the first SINV strain from mosquitoes in Finland and its full-length protein-coding region sequence. Furthermore, we describe the full-length coding sequence of five SINV strains isolated from humans in Finland in 2002 (Kurkela et al., 2004) and of a strain isolated from mosquitoes in Russia in 1983 Russia in (L'vov et al., 1985 and the genetic characteristics and evolutionary/phylogenetic relationships of these strains.
Partial sequences (1268 nt within the nsP3-nsP4 region) of SINV strains isolated from humans in Finland (Ilomantsi-2002A, Ilomantsi-2002B, Ilomantsi-2002C, Kiihtelysvaara-2002 and Johannes-2002 and of a mosquito isolate LEIV-9298 from Russian Karelia were published previously (Kurkela et al., 2004) . Viruses were passaged twice in Vero cells except for LEIV-9298, which had been passaged twice in suckling mice and once in Vero cells. The full-length protein-coding regions of these strains were further sequenced in the current study.
Approximately, 8100 mosquitoes were collected using hand nets and BG-Sentinel trapping system (Biogents) during [2005] [2006] [2007] [2008] [2009] in Central, Southern and Eastern Finland. The mosquitoes were snap frozen at 220 u C, placed in tubes and stored at 270 u C. The mosquitoes were homogenized in pools of 8-10 mosquitoes. After homogenization using sterile sand in Dulbecco's PBS containing 0.2 % BSA and antibiotics, homogenates were added onto confluent cells. After 1 h of incubation with mosquito homogenates, fresh medium was added. Virus isolation was performed in parallel on mosquito C6/36 (Aedes albopictus) and mammalian Vero E6 cells in 25 cm 2 bottles. When cytopathic effect (CPE) was observed, the cells were further studied by immunofluorescence assay (IFA) using SINV IgG-positive serum and the supernatant was stored at 270 u C. Viral RNA was extracted from the supernatant by using the QIAamp Viral RNA Mini kit (Qiagen) following the manufacturer's instructions. cDNA synthesis was mostly performed with RevertAid H Minus M-MuLV Reverse Transcriptase 451 (Thermo Fisher Scientific) in a final volume of 20 ml with 20 pmol of SINV-specific primers (Table 1) , or with random hexamers using Superscript III First-Strand Synthesis System (Invitrogen) according to the manufacturer's instructions.
PCR was performed with Phusion High-Fidelity DNA Polymerase (Thermo Fisher Scientific) in a volume of 50 ml including 5 ml template cDNA, 10 ml of 56 Phusion HF buffer, 200 mM each dNTP, 0.5 mM forward and reverse primer (Table 1 ) and 0.02 U ml 21 Phusion DNA Polymerase. After 30 s initial denaturation at 98 u C, the PCRs were amplified in 30 cycles with the following cycling parameters: 10 s at 98 u C, 30 s at 64 u C, 30 s or 3.5 min (for the long PCR amplicons) at 72 u C followed by a final extension of 10 min at 72 u C.
PCR products were purified with QIAquick Gel extraction or PCR Purification kit (Qiagen). Altogether 15 overlapping fragments of the strains Ilomantsi-2005M and Ilomantsi-2002A were amplified, covering the full-length protein-coding region of SINV (see primers in Table 1) . Sequencing was performed with ABI Prism dye terminator sequencing kit (Applied Biosystems).
The other strains (Ilomantsi-2002B and -2002C, Kiihtelysvaara-2002 , Johannes-2002 were pyrosequenced. PCR amplicons amplified by three primer pairs (Table 1) , covering the complete protein-coding area, were used as a starting material for pyrosequencing. Pyrosequencing was performed with 454 GS FLX genome sequencer using Titanium chemistry (Roche) at the Institute of Biotechnology, University of Helsinki. Hundreds of reads with the following high coverage values were obtained: Ilomantsi-2002B (2036 , Kiihtelysvaara-2002 (5706) , Johannes-2002 (6376) and LEIV-9298 (2346) .
Sequences were aligned with MUSCLE (Multiple Sequence
Comparison by Log-Expectation) algorithm (Edgar, 2004) . BioEdit Sequence Alignment editor was used for nucleotide/amino acid difference calculations (Hall, 1999) . Maximum-likelihood (ML) phylogenetic tree was constructed using RAxML program (Stamatakis et al., 2008) with bootstrap analysis on 100 replicates. The general time reversible model with gamma distribution was employed as a phylogenetic model and selected based on Akaike information criteria in FindModel (www.hiv.lanl.gov/content/ sequence/findmodel).
The following SINV and Aura virus sequences available in GenBank were included in the phylogenetic analyses: Ockelbo (Edsbyn 82) (M69205), AR339 HRsp variant (J02363-J02366), Girdwood (U38304), S.A.AR86 (U38305), YN87448 (AF103734), XJ-160 (AF103728), Babanki (HM147984), SW6562 (AF429428), 3.3 (GU361115), 5.3 (GU361116), 21.3 (GU361117), 28.9 (GU361118), 32.10 (GU361119), 34.4 (GU361120), 95M116 (FJ744539) and Aura virus (AF126284). The ratio of synonymous to nonsynonymous (d S /d N ) substitutions was calculated with SNAP (www.hiv.lanl.gov/content/hiv-db/SNAP) (Korber, 2000) . Median-joining network analysis was performed with Network version 6.0 (Bandelt et al., 1999) , DNA alignment software and Network Publisher.
Since the mosquitoes were not identified by an entomologist prior to pooling and homogenization, identification of individual mosquitoes positive for SINV RNA was not possible. Thus, DNA was isolated using Qiagen DNeasy Blood & Tissue kit from the SINV RNA-positive pool. To identify the mosquito species included in the pool, the mitochondrial cytochrome c oxidase subunit I genes (COI) were amplified by PCR (Phusion) using the primer pairs UEA3 (Lunt et al., 1996) /FLY10 (Sallum et al., 2002) and LCO1490/HCO2198 (Folmer et al., 1994) , and sequenced. (Table S1 , available in JGV Online) showed that Ilomantsi-2005M shared very high nucleotide (99.4-99.6 %) and amino acid (99.6-99.7 %) similarities with all Finnish human isolates and with the mosquito isolates from Russia (LEIV-9298) and Sweden (Ockelbo).
In the phylogenetic analysis of the full-length protein-coding sequences, the Northern European SINV strains including Finnish, Swedish and Russian strain(s) clustered together and shared a common ancestor with high bootstrap support (Fig. 1a) . These strains shared a recent ancestor with Babanki strain supported by 83 % bootstrap (Fig. 1a) . The mosquitoisolate, Ilomantsi-2005M, as well as Ockelbo and Ilomantsi-2002C appeared in distinct branches supported by 75, 100 and 91 % bootstrap, respectively.
The tree based on partial structural polyproteins (2189 nt) (Fig. 1b) showed similar clustering as the tree based on fulllength sequences. German SINV strains included in the analysis clustered with the Northern European strains, indicating close genetic relatedness. The network analysis further demonstrated the close relationship of Northern European strains (Fig. S1 ) and suggested that the Finnish SINV strains may have evolved by independent mutational steps from LEIV-9298. Alignment of the deduced amino acid sequences of the complete SINV polyprotein showed that the Northern European SINV strains shared nine identical amino acid changes. Six of these changes clustered in nsP3, of which five were in the C-terminal region, and one was in E2, nsP2 and nsP4 proteins (Fig. S3) (Fig. S2 ).
Prior to this study, full-length sequences of only eight SINV strains and only one European isolate (Ockelbo) were available in GenBank and thus, our study substantially increases the data on SINV sequences. The novel strain isolated from mosquitoes was very closely related to all the other strains previously isolated from humans and mosquitoes in Northern Europe. Overall, the data on fulllength sequences of the coding region further support the presumption that SINV has a local circulation in endemic regions. The apparent separate clustering of strains from Northern Europe and Africa further suggest that novel SINV strains are not frequently being introduced to Finland or Northern Europe, although SINV has probably been originally imported from Africa by migratory birds as suggested earlier (Kurkela et al., 2008b; Lundström & Pfeffer, 2010) . First clinical SINV infections were described in Sweden in 1967 (Skogh & Espmark, 1982) and in Finland in 1974 and seroprevalence studies in humans and birds in the early 1960s in Finland found no SINV reactivity (Brummer-Korvenkontio et al., 2002) . The introduction of SINV to Northern Europe has thus probably occurred in the late 1960s.
Unfortunately the species of the vector of the mosquitoisolated SINV could not be accurately determined in this study. However, we were able to amplify COI sequences of Ochlerotatus spp. in the virus isolation pool. These mosquitoes are known to be anthropophilic and endemic in Finland and thus, could potentially act as vectors for SINV (Utrio, 1977) . The genus Ochlerotatus was prior to year 2000 classified as a member of the genus Aedes (Reinert, 2000) from which SINV has been isolated for example in Russia, near the Finnish border (L'vov et al., 1985) .
No apparent differences were revealed between the endemic (mosquito) and epidemic (human) SINV strains in Northern Europe and mosquito-strain-specific amino acid changes were not found. More sequence data on SINV, particularly from mosquitoes, are required to further investigate this. Furthermore, we attempted but were not able to estimate the divergence times of different SINV strains since the sequence data does not accurately fit the molecular clock hypothesis (data not shown).
A previous study on phylogeographic structure and evolution of SINV (Lundström & Pfeffer, 2010), based on 340 nt of the E2 gene, suggested that SINV forms five separate genotypes. Strains from Northern Europe and South Africa belong to SINV-I genotype and specifically to one of the distinct subcluster of the genotype. It was proposed that strains in this subcluster of SINV-I genotype would be more pathogenic to humans since clinical SINV infections are mainly reported in these areas, whereas no cases of SINV infection have been reported from the other subcluster areas, namely Central Europe and the Mediterranean region (Lundström & Pfeffer, 2010) . However, our analyses show a very high similarity between the Northern European SINV strains and those recently isolated from south-west Germany (Jöst et al., 2010) . Human SINV cases have not been reported from Germany as yet, although IgG antibodies to SINV have recently been found (Jöst et al., 2011) . Thus, any association between the genetic signature and human pathogenicity remains unestablished and warrants further studies. We found 9 aa positions to be distinctive genetic (amino acid) signatures for Northern European strains. The amino acid changes clustered particularly in the C terminus of the nsP3, known to be heterogeneous for alphaviruses such as the Venezuelan equine encephalitis virus (Meissner et al., 1999; Oberste et al., 1996) . However, the different passage history of the strains included in the analysis, which may be responsible for mutations, should be taken into account when interpreting these results. The alphavirus nsP3 protein, the function of which is not well understood, consists of two domains: the conserved N-terminal domain that includes a unique macro domain and the more variable C-terminal domain (Gould et al., 2010; Malet et al., 2009 ). The Cterminal region encodes a cluster of heavily post-translationally phosphorylated serines and threonines (Lastarza et al., 1994; Li et al., 1990) . Although it is evident that the nsP3 C terminus tolerates more mutations, we observed that two of five of the signature amino acid changes in the C terminus were mutations from serine or threonine to other amino acids. Diminished phosphorylation in SINV nsP3 leads to decreased production of the minus-strand RNA (Dé et al., 2003) and deletion of the phosphorylated residues in the nsP3 of the related Semliki Forest virus decreases the level of RNA synthesis (Vihinen et al., 2001) . Whether the amino acid mutations shared by the Northern European strains could be associated with a decreased level of RNA synthesis and/or with the adaptation of the virus into new vectors or host species, or are simply due to geographical isolation, warrants further investigations. Investigation of the SINV strains from Germany (Jöst et al., 2010) for the presence of these signatures would be of particular interest.
